ABSTRACT Surface-enhanced Raman scattering (SERS) spectroscopy has been considered as a promising way to realize real-time, in-situ and ultrasensitive analysis of chemoand biochemical molecules in different applications even in intracellular or aqueous environments. In this work, polymer-supported novel Ag nano-necklaces (AgNLs) as flexible SERS substrates were fabricated for ultrasensitive chemical and biological detection. With the stringing of dense "hot spot" in three-dimension, AgNLs located on polydimethylsiloxane (PDMS) work like the removable and reusable "tip" on the surface of analytes with different morphologies and conditions. The novel substrate shows ultra-high enhancement factor (as high as 10 9 ) with excellent reproducibility and long-term stability (7 months) in an aqueous environment. With further functionalizing with p-mercaptobenzoic acid, AgNLs/PDMS elastomer also reveals sensitive and consistent pH detection ability over the wide range of pH 4.0-9.0, indicating their wide applications in biological and environmental fields. This work provides a feasible strategy for designing ultrasensitive, reproducible and flexible SERS substrate for practical detection.
INTRODUCTION
In recent years, surface-enhanced Raman scattering (SERS) spectroscopy garnered intense attention for its ability of real-time, in-situ and ultrasensitive analysis of chemo-and biochemical molecules in different applications even in intracellular or aqueous environments [1] [2] [3] . Thanks to the discovery of "hot spots" which congregate high density of electromagnetic field in the gaps between the two adjacent coupling metal nanoparticles with distance on the order of a few nanometers, currently, SERS substrates based on plasmonic metal nanostructures have been used to detect protein, DNA, toxic molecules and other chemical or biological species even on molecular-level [4] [5] [6] [7] . However, further application of SERS detection has been challenging due to the problems like poor maneuverability, retrievability of the SERS substrates and the low reproducibility of the measurements.
In order to obtain high enhancement factor (EF), ordinary SERS substrates are mainly based on colloidal silver nanoparticles (AgNPs) or their assemblies on nanowires or two-dimensional nanosheets such as graphene. The randomly achieved "hot spots" through the aggregation of the nanoparticles frequently lead to unrepeatable Raman signals; meanwhile AgNPs often suffer from dramatic morphological changes under irradiation or aqueous environments [8] [9] [10] . Modifying AgNPs with protection layers can efficiently improve their stability [11, 12] ; however, the protection layer might severely weaken the substrates' sensitivity and introduce noise signals. The other strategy is to orderly arrange noble metal particles into closely packed periodic patterns through lithographic methods [13, 14] . Unfortunately, current lithographic facilities still have difficulties in achieving sub-10-nm gaps between the particles. Meanwhile the tedious preparation and implementation steps of SERS substrates are too complicated for their practical applications. The other issue that hinders the application of SERS detection is the compatibility of the SERS substrates. Lithographic periodic metal patterns are often constructed on brittle and rigid substrates which are incompatible with multiple sample matrices [15] . Spreading plasmonic metal structures on the surface of analytes is another method to realize SERS detection on different sample bases such as fruits and fluids, however, in this way the SERS substrates can hardly be recycled and the surfaces of analytes are contaminated. Therefore, facile fabrication of high sensitive SERS substrates with both high compatibility and reproducibility still remains a challenge.
Inspired by the measuring method of tip-enhanced Raman spectroscopy (TERS) [16, 17] , we proposed a new type of SERS substrate that could work like the removable and reusable "tip" on the surface of analytes with different morphologies and conditions. This original SERS substrate combines novel plasmonic metal nanostructures with highly sensitive SERS response and the transparent and flexible polymer film holder as an elastomer compatible to different surfaces. During the detection, the film could be pasted on different sample matrix with different morphology and the plasmonic metal-nanostructured "tip" would reach the analyte. After the measurement, the SERS substrates could be removed from the surface of matrix and rinsed for the further use just like "post-it note", indicating good recyclability.
Based on the above strategy, a highly sensitive SERS substrate with high reproducibility was designed by fixing the novel Ag nano-necklaces (AgNLs) on the surface of polydimethylsiloxane (PDMS) film. To be specific, Ag nanonecklace (AgNL) used as SERS-active "tip" with high-density "hot spots" spread in three-dimension was fabricated by sacrificing Si nanowires (SiNWs) templates. Although SERS substrates based on plasmonic metal nanoparticles decorated SiNWs have been studied and published, AgNLs fabricated by sacrificing SiNWs templates have entirely different morphology with high originality and unique properties and have not been reported previously. PDMS film is chosen as the supporting base due to its flexibility and transparency which can be easily pasted on the surface of the tested object without affecting the incident laser and corresponding Raman signals [18] . Due to the novel design and AgNLs' unique structure, the flexible SERS substrates exhibit ultrahigh sensitivity even up to the single-molecule level, good detection stability in aqueous environment and excellent spot-to-spot reproducibility. Furthermore, with the further functionalizing by pH-sensitive p-mercaptobenzoic acid (pMBA) molecules, the AgNLs/PDMS elastomer also demonstrates sensitive and consistent pH detection ability over the wide range of pH 4.0-9.0. These results indicate that the AgNLs/PDMS elastomer has great potential for sensitive, recyclable and versatile detection of chemical or biological substances in practical applications.
EXPERIMENTAL SECTION

Preparation of AgNLs/PDMS films
SiNWs were synthesized by thermal evaporation of SiO powder with Sn as catalyst in a home-built furnace following the vapor-liquid-solid (VLS) process. Before using, SiNWs were firstly etched in 5% HF (v/v) solution for 30 min to remove the SiO 2 shell and obtain H-terminated surfaces. As HF is a highly corrosive acid, it should be handled with caution. PDMS elastomer was prepared by curing the mixture of Sylgard 184 silicone rubber and curing agent (w/w = 10:1) at 80°C for 12 h. After the synthesis of SiNWs and PDMS film, SiNWs were transferred onto PDMS by face-to-face transfer process: firstly, SiNWs were dispersed in ethanol. With ultrasonic process for 10 min to improve the dispersion, the mixture was carefully dropped along the beaker wall into the surface of deionized (DI) water which occupies 2/3 of the beaker. Due to the concentration and surface tension difference of water and ethanol, SiNWs would float on the surface of the mixed liquid. Then, a pre-cleaned glass slide was used to fish out the SiNWs film on the surface of the solution and dried with N 2 flow. Finally, the PDMS film is placed on the glass slide which covered by SiNWs to transfer the SiNWs to the surface of PDMS due to the strong adhesion between them.
When synthesizing AgNLs/PDMS film, etchants that contains the mixture of HF (4.8 mol L −1 ) and AgNO 3 (5 mmol L −1 ) were firstly heated to 50°C, then, in the water bath with 50°C the preheated etchant (HF/AgNO 3 ) was rapidly added on the surface of SiNWs/PDMS film. After allowing the reaction to proceed for 3 min, the film was quickly taken out from the etchant and rinsed with DI water and ethanol twice each, sequentially. Meanwhile, AgNLs could be synthesized through the similar procedure, in which the oxide layer on SiNWs (about 1.0 mg) were also removed by HF (5%), then H-SiNWs were dispersed in 1mL of ethanol homogeneously after ultrasonic process for 5 min. Then, in the water bath with 50°C the preheated etchant (HF/AgNO 3 ) was rapidly added to 1 mL of SiNW-ethanol suspension. After allowing the reaction to proceed for 3 min, the solution was quickly centrifuged at 8000 rpm for 2 min, and the precipitate was rinsed with DI water and ethanol twice each, sequentially. Finally, the AgNLs were dispersed in ethanol for further use.
SERS detection of R6G with AgNLs/PDMS film
All of the Raman spectra were collected using a Renishaw invia Raman confocal microscope with 50 × objective, 532 nm wavelength excitation, 0.5 mW laser power, and 10 s acquisition time. During the tests, rhodamine 6G (R6G) with different concentration was dropped into the hemispherical dimple (Ф = 16 mm, h = 0.4 mm) of the glass holder with full volume. Then AgNLs/PDMS film covered on the top of hemispherical dimple to contact the R6G solutions. Laser was shot to the AgNLs through PDMS film and the Raman signals were collected through the SERS substrate. The detecting spots were labeled by ink spots with a mark pen. After a test of the certain concentration, AgNLs/PDMS film was taken from the hemispherical dimple and its inner side contacting with R6G solution was washed with DI water and ethanol to remove the residue dye molecules, and then it was covered on the R6G solution with another concentration to investigate the SERS sensitivity. In order to make sure the entirely removal of residue R6G molecules in the SERS substrate, Raman spectra was measured to check whether R6G was still adsorbed on AgNLs after the washing. With the ink mark on the top side of AgNLs/PDMS film, the same AgNL could be found even the R6G solution was changed. For the reproducibility tests, five different AgNLs/PDMS films were used to detect R6G solution with the concentration of 1×10 −9 mol L −1 , and six different spots were investigated for each AgNLs. In order to investigate the stability of the SERS substrate, after the study of reproducibility, the SERS active samples were firstly stored in DI water for 7 months. Then, 35 spots chosen from five different AgNLs/PDMS substrates were investigated under the same condition.
PH detection with pMBA-AgNLs/PDMS film AgNLs/PDMS films were firstly exposed to an aqueous solution of pMBA (1×10 −5 mol L −1 ) for 1 h to ensure full surface coverage of AgNLs. Before the Raman measurements, the samples were thoroughly rinsed with DI water. The testing solutions with different pH values were prepared with phosphate-buffered saline (PBS) and a Mettler Toledo portable pH meter was used to adjust the pH of the buffer solution. The experiments were conducted under 532-nm laser with 50× objective, 0.5 mW laser power, and 30 s acquisition time. During the measurements, the PBS solutions with different pH values were firstly dropped into the hemispheric dimple of our home-build sample holder with the full volume. Then pMBA-AgNLs/PDMS film contacted the testing solution with different pH by covering the solution-filled hemispheric dimple. Ink spots were used to label the detection point. After testing in solution with a certain pH value, pMBA-AgNLs/PDMS film was peeled from the hemispheric dimple and rinsed with DI water, after drying in N 2 flow; it was stick to the surface of hemispheric dimple filled with liquids with another pH value. For the pH tests in the range of 4.0 to 9.0, three pMBA-AgNLs/PDMS films were used for tests, and 10 testing spots from different AgNLs of each sample were studied. Meanwhile, in the reversible studies in acid (pH 5.0) and alkaline (pH 9.0) solutions, 10 testing spots from two pMBA-AgNLs/PDMS films were chosen for investigation and five cycles were conducted for each spots.
RESULTS AND DISCUSSION
Inspired by the metal nanoparticles' etching of Si wafer [19, 20] , we assembled Ag nanoparticles into a necklace with dense "hot spots" spread in 3-dimension by sacrificing SiNWs templates. Meanwhile, due to the facile transfer and high adhesion between the SiNWs and flexible PDMS films, AgNLs could be located on the surface of PDMA on the fixed position. Fig. 1a illustrates the schematic of the fabrication procedure of the AgNLs/PDMS elastomer. After synthesizing PDMS film by curing the Sylgard 184 silicone rubber and SiNWs by VLS process [21] , H-terminated SiNWs were deposited on the surface of PDMS film by face-to-face transfer to obtain the single layer covering of SiNWs (SI, S1) [22] . Then, in the water bath with 50°C the preheated etchant (HF/AgNO 3 ) was rapidly added on the surface of SiNWs/PDMS film. With the adding of etchant, Ag + was reduced immediately by the highly reductive Si-H to form dispersive AgNPs on the surface of SiNWs, which was similar to the ordinary synthesis of AgNPs decorated SiNWs. However, differing from the ordinary metallization of SiNWs, HF and 50°C water bath provide further chemical reactions in our system, in which SiNWs can be oxidized (the reaction as shown in R1) and further dissolved by HF. Meanwhile, the excess Ag + ions are subsequently reduced back to AgNPs as a result of the electronegativity and the electron transfer (R2). Thus, the AgNPs grow bigger and gradually encroach on the SiNWs. In the end, the templating SiNWs are vanished leaving the finite AgNPs stick together like beads of the necklaces. The gradually vanishing of SiNWs could also be demonstrated through Raman and SEM of different reaction stage (SI, S2). 
After allowing the reaction to proceed for 3 min, the film was quickly taken out from the etchant and rinsed with DI water and ethanol, sequentially. As sacrificial templates, SiNWs determines the location and orientation of the final AgNLs (SI, S3). Since the fabrication of SiNWs is well developed and the controlled transfer of SiNWs is obtained by contact printing, the site-specific synthesis of AgNLs or their arrays could also be realized [19] [20] [21] [22] [23] . Fig. 1b shows the SEM image of an AgNL. It can be seen that Ag nano-beads stick together to form the nanonecklace with the gaps of sub 10 nm spreading in three-dimensional dispersion (inset of Fig. 1b) which creates the high-density packed "hot spots" along the AgNL. To obtain further insight into the AgNL, a high-resolution TEM (HRTEM) image taken from a typical area of the nanobeads was exhibited in Fig. 1c . The nano-beads of the AgNLs are composed of lattices with interplanar spacing of 0.236 nm, corresponding to the d spacing for the (111) planes of cubic structured Ag, which indicates the good crystallinity of these Ag nano-beads. Fig. 1d shows the corresponding XRD pattern of the as-prepared AgNLs. All the diffraction peaks are readily indexed to a cubic phase of Ag (JCPDS No. 65-2871) and no other characteristic peaks are observed for impurities, indicating the formation of pure cubic phase Ag with high crystallinity.
The high-resolution measurement of sensitivity and reproducibility of AgNLs/PDMS elastomer was performed with R6G as the model indicator. Schematic of the measurement setup is shown in Fig. 2a . In the experiment, R6G with different concentration was dropped in the hemispherical dimple (Ф = 16 mm, h = 0.4 mm) of a custommade sample holder with full volume. Then, the hemispherical dimple was sealed by AgNL/PDMS film with the AgNLs contacted with R6G solutions (SI, Fig. S6 ). 532-nm laser was shot through the SERS substrate from the 50× objective lens and the Raman signals were collected by a Renishaw Raman spectrometer (Invia reflex Raman microscope). Similar to the light-scattering of the nanowires, AgNLs can be observed under microscope (SI, Fig. S5d) , thus an ink spot can be made by mark pen to label the AgNLs under study (SI, S4). After a test of the certain concentration, AgNL/PDMS film was taken from the hemis- pherical dimple and its inner side contacting with R6G solution was washed with DI water and ethanol to remove the residue dye molecules. Before used for SERS detection of R6G with another concentration, washed AgNLs/PDMS film would be measured by Raman spectroscopy to insure that R6G molecules had been entirely removed (SI, Fig. S7 the blue curve). Then the cleaned SERS substrate was used to cover the R6G solution with another concentration to investigate the SERS sensitivity. With the ink mark on the top side of AgNLs/PDMS film, the same AgNL could be found even the R6G solution was changed. In this way, the realtime detection of aqueous solutions using AgNLs/PDMS elastomer as SERS substrate was evaluated (SI, S5). Fig. 2b shows the collection of SERS spectra of R6G with different concentrations (1×10 −9~1 ×10 −12 mol L −1 ) obtained by the same AgNL. It can be noted that the SERS peak intensity decreases with the dilution of R6G solution. However, as the concentration reduced to 1×10 −12 mol L −1 , the characteristic signal of R6G is still very clear, in which the pronounced bands at 1361, 1508, and 1648 cm −1 can be assigned to the aromatic C-C stretching vibrations, meanwhile the weaker bands at 1310 and 1573 cm −1 are related to the N-H in-plane bending modes. Meanwhile, we obtained the Raman spectra of AgNLs/PDMS film without contacting with R6G solution (Fig. S7) , in which the peak around 710 cm −1 could be attributed to the PDMS substrate. As this Raman peak have no adverse impacts to the SERS signal of analytes, PDMS could be a feasible supporting material for SERS substrates. In order to quantitatively study the SERS enhancement ability of the AgNL/PDMS substrates, the enhancement factors (EF) were estimated according to the equation EF = (I SERS /I NR )(C NR /C SERS ) [24, 25] . Normal Raman signals of R6G (1×10 −2 mol L −1 ) were obtained using the same hemispherical dimple without SERS substrate and the EFs were calculated at the main peaks of 1361, and 1648 cm −1 (SI, S6). The average EF was 1.96×10 9 , which is among the highest sensitivity of SERS substrates that achieves single-molecule detection [26] [27] [28] .
Compared with the AgNPs colloids and the Ag nanowires assemble which barely detected R6G with the concentration of 1×10 −7 mol L −1 (SI, S7), the ultra-high SERS enhancement ability of this novel SERS substrate could be attributed to the novel structural three-dimensional high density "hot spots" of the as-prepared AgNLs and the special synthesis method without using surfactant. For the conventional AgNPs and AgNWs, the surfactants (sodium citrate, PVP) used in the synthesis might wrap on the surface of nanostructures and interfere with their contact to the analyte molecules. Meanwhile, the densely dispersed "hot spots" are hard to be achieved when the concentration of AgNPs or AgNWs solution is relatively low, thus leading to the low SERS sensitivity. In our study, the formation of Ag nano-beads of the nano-necklace is parallel with the consumption of SiNWs template. Small AgNPs are firstly deposited around the SiNWs, as the growth of AgNPs, the SiNWs are consumed and the Ag nano-beads are coming closer and stick together. In this way, the gaps of the nano-beads are very small and exist in all directions around the previous SiNWs. Thanks to the dense array of "hot spots" lying between the adjacent Ag nano-beads, the strong plasmonic coupling with dramatically amplified electromagnetic field could be obtained.
Meanwhile, due to the absent of surfactant, the analyte can be directly contacted with the surface of AgNLs. As a result, our novel SERS substrate demonstrates ultra-sensitive detection ability, even though the laser and the SERS signal must penetrate through the PDMS film during measurement.
Although many different SERS substrates have been reported in previous literatures, one of the critical problems that still remain is the reproducibility and stability of the SERS substrates. In order to investigate the reproducibility of our SERS substrate, five different AgNLs/PDMS films were used to detect R6G solution with the concentration of 1×10 −9 mol L −1 , and 6 different spots were investigated for each AgNLs. Fig. 3a displays five typical Raman spectra recorded from the measurements, which shows high consistency in shape and intensity. In addition, all the Raman peak intensities at 1650 cm −1 of these 30 points are analyzed in the histogram of Fig. 3b , in which all of the tested spots show SERS intensity of the same order of magnitude, which shows the excellent spot-to-spot and sample-to-sample reproducibility of AgNLs/PDMS substrates.
In the same testing setup, we also investigated the SERS signals of the AgNLs by Raman mapping (insert of Fig. 3b ). The Raman mapping covers an area of 9 μm ×10 μm with the intervals of each testing spots chosen as 0.5 μm. The intensity of the SERS signal of the band around 1650 cm −1 was plotted as a function of the coordinates. Compared with the microphotograph of AgNLs/PDMS film before Raman mapping (SI, Fig.S12) , consistent SERS sensitivity is demonstrated along the AgNLs which confirms the high reproducibility of our SERS substrate. In order to investigate the stability of the AgNLs/PDMS film, after the study of reproducibility, the SERS active samples were stored in DI water for 7 months to investigate their stability with the same setup. Figs 3c and d show the typical Raman spectra and the peak intensity distribution of all the 35 spots chosen from 5 different AgNLs/PDMS substrates. Compared with the freshly-made samples, the intensities of Raman spectra show obvious reduction, however, the spectra are almost still in consistency in shape and the relative standard deviation of Raman peaks (1650 cm −1 ) of all the testing spots is 20%, which shows good stability of the AgNLs and their outstanding reproducibility even after 7-month storage in aqueous condition. These results mainly originate from the novel structure of the AgNLs which combines the advantages of AgNPs and AgNWs in a way that not only produces abundant micro-gaps between the nano-beads to amplify the electromagnetic field, but also strings and stabilizes the "hot spots" along the invisible core in 3-dimension which facilitates the reproduction of consistent SERS responses from different spots of different samples. Using SERS techniques to identify the pH variation in aqueous condition is significant in biological and environmental fields. After modified by pH-sensitive molecules pMBA, nanostructured-noble metals showed SERS sensitivity to pH changes of the surrounding solution [29] . In order to realize the reproducible, stable and real-time pH detection with high accuracy, we modified the AgNLs/PDMS film with pMBA (pMBA-AgNLs/PDMS) and investigated its pH response with the similar setup that detecting R6G (SI, S8). During the measurement, the pMBA-AgNLs/PDMS film contacted the testing solution with different pH by covering the solution-filled hemispheric dimple. 532-nm laser was shot through the SERS substrate from the 50× objective and the Raman spectra of pMBA under different pH values were obtained, in which the strong peak at 1590 cm −1 can be assigned to aromatic ring vibrations of pMBA and the PH-sensitive weak Raman bands near 1395 and 1700 cm −1 indicate the presence of dissociated (COO − ) and neutral (C=O) carboxylic groups (SI, Fig. S11 ). With the increasing of pH, dissociation of the carboxyl group is promoted, leading to the intensity increase of COO − (~1395 cm −1 ) and the suppression of C=O (~1700 cm −1 ). However, in acidic environments, carboxylic groups turn to be nearly neutral and condense on the AgNLs' surface, thus intensifying the shoulder peak at~1700 cm −1 (SI, Fig. S11 ). It is reported that the signal intensity ratio of the stretching mode of the COO − groups and the constant aromatic ring vibrations mode (1590 cm −1 ) could be considered as labels to indicate pH changes [30] . Fig. 4a reveals the Raman intensity ratio as a function of pH value ranging from 4.0 to 9.0. For every pH, ten spots from different AgNLs were detected and the AgNLs/PDMS substrates were rinsed with DI water before the measurement of different pH. As can be seen, the SERS substrate based on the AgNLs can differentiate pH values over a wide range with a small standard deviation. Apart from the high sensitivity, the AgNLs/PDMS film also exhibits excellent repeatability and reversibility. Fig. 4b displays the signal ratios of COO − group and aromatic ring that are measured alternately in acid (pH 5.0) and alkaline (pH 9.0) solutions, respectively. During the measurement, after testing in acid solution, the AgNLs/PDMS film was peeled from the hemispheric dimple and rinsed with DI water, then stuck to the other hemispheric dimple filled with alkaline solution to perform the corresponding measurement, and the cycle repeats for five times for each sample. As a result, the signal ratios obtained in different tests show negligible drift in the five cycles, which demonstrates the good stability and reproducibility of the AgNLs/PDMS substrates as pH detector. The highly reliable and repeatable pH response obtained by the AgNLs/PDMS elastomer could be attributed to the well-defined and novel assembly of the Ag nano-beads which originated from the same core string and huddled together to form a necklace. This unique structure could generate abundant SERS-active sites in three-dimension with sensitive and consistent SERS responses.
CONCLUSIONS
In summary, novel flexible SERS substrates based on AgNLs/PDMS were developed using SiNWs as sacrificing templates. With the stringing of dense "hot spot" in three-dimension, the AgNLs located on PDMS could work like the removable and reusable "tip" on the surface of analytes with different morphologies and conditions. Even across the PDMS supporting layer, the AgNLs also show ultra-high EF (as high as 10 9 ), excellent reproducibility and long-term stability in an aqueous environment, which demonstrates the advantages of the AgNLs/PDMS substrate for high-resolution and compatible SERS detection. With further functionalizing with pMBA, the AgNLs/PDMS elastomer also reveals sensitive and consistent pH detection ability over the wide range of pH 4.0-9.0, indicating the wide applications in biological and environmental fields. The results suggest that the novel AgNLs-based flexible SERS substrate will provide new opportunities for sensitive, recyclable and versatile detection of chemical or biological substances in practical applications.
